We report the first photoluminescence (PL) characterization of InAs nanowires (NWs). The InAs NWs were grown on GaAs(111) B and Si(111) substrates using the Au-assisted molecular beam epitaxy (MBE) growth technique or metal-organic chemical vapor deposition (MOCVD). We compared the PL response of four samples grown under different conditions using MBE or MOCVD. High-resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) patterns were utilized to determine the crystal structure and growth directions of the NWs to relate PL features to NW structural parameters. We observed mainly three PL peaks which were below, near and above InAs bandgaps, respectively. Temperature and excitation intensity dependence PL measurements were also performed to help elucidate the origins of the PL peaks of NWs. Of particular interest was a band-edge emission peak that was blue-shifted due to quantization effects of the InAs NWs, as confirmed by our calculation.
Introduction
InAs has many attractive electronic and optical properties that can be utilized for optoelectronic applications. As a direct, narrow-bandgap semiconductor with very high electron mobility, InAs has long been considered an ideal material for middle wave infrared (IR) detectors and lasers. In the nanowire (NW) form, its size quantization and optical waveguide make InAs NWs a promising material for nanoscale optoelectronic applications. With a large Bohr radius of 34 nm [1] , InAs NW is a good candidate material to study 1D quantum confinement effects [2] . Furthermore, the larger 5 Author to whom any correspondence should be addressed.
tolerance for lattice mismatch in NW growth than that for thinfilm epitaxial growth results in more flexibility in substrate selection for InAs NWs; NWs also have the additional flexibility of a wide range of diameter control by varying the growth conditions. Regarding growth studies, both molecular beam epitaxy (MBE) [3, 5] and metal-organic chemical vapor deposition (MOCVD) [4, 6, 11] grown InAs NWs have been reported. Wurtzite (WZ) as well as zinc blende (ZB) crystal phase has been observed in InAs NWs [3, 5, [8] [9] [10] . The surprising formation of the WZ phase in InAs and other NWs of cubic ZB III-V materials is usually explained by a lower surface energy of particular sidewall facets of WZ NWs [7, 11, 12] and the specific growth properties of sufficiently thin NWs such as the nucleation at the triple line [13, 14] . Different bandgaps for the two phases were predicted by Zanolli et al [15] . Regarding device studies, electrical measurements of InAs NWs have been reported recently [16] [17] [18] . However, no optical characterization study, such as a photoluminescence (PL) study, has reported to our knowledge. This lack of a PL study of InAs NWs is likely due to a combination of factors that increase the difficulty of performing the optical characterization of InAs NWs: weak light emission in narrow-bandgap materials, limited detector availability for mid-infrared wavelengths, atmospheric absorption in the infrared region, and difficulties associated with the growth of InAs NWs of high enough quality to emit observable PL. PL is a convenient technique for nondestructive characterization of basic optical properties (such as bandgaps and the impurity levels of semiconductor materials). It is important to characterize such basic optical properties of InAs NWs in order to assess their use in optoelectronic devices. We have carried out a systematical optical characterization of InAs NWs as part of our effort in developing IR NW optoelectronics.
In this paper, we report on the PL characterization of InAs NWs grown by MBE or MOCVD. Low-temperature, temperature-dependent, and excitation-intensity-dependent PL measurements were performed on four InAs NW samples (grown on either GaAs or Si substrate) in order to elucidate the nature of various PL features. Above-band-edge states, bandedge-related states, and certain defect states were observed. To gain further insight into these states, high-resolution transmission electron microscopy (HRTEM) and scanning electron microscopy (SEM) measurements were performed to study the morphology and crystal structure of NWs in order to correlate structural parameters to the PL features.
Experiments
Three samples A, B, and C were grown by the Au-assisted MBE technique on the GaAs(111) B and Si(111) substrates. GaAs substrates were epi-ready (surface deoxidation was performed at 610
• C in a high-vacuum growth chamber) and Si substrates were treated in an HF (10%) water solution for about 1 min (with surface deoxidation performed at 650
• C). Our MBE growth chamber is equipped with In, As, and Au effusion cells, which allows us to deposit the gold catalyst layer under high-vacuum conditions, in order to avoid surface contamination issues. After surface deoxidation, we deposited Au with nominal thickness ∼0.5 nm at a temperature of 500
• C. Subsequently, the samples were cooled down to the desired temperature to initiate InAs NW growth: 480
• C for GaAs substrates and 300
• C for Si substrates. InAs deposition was initiated with the nominal growth rate of 0.4 nm s −1 and As/In flux ratio of around 2. In both cases, the nominal growth time was limited to 15 min (∼0.36 μm of InAs was deposited). The growth of the InAs NWs was monitored in situ with a reflection high-energy electron diffraction (RHEED) system. Usually, RHEED patterns converted from streaky to spotty (i.e. amorphous to crystalline) after the growth of about 20 nm of InAs. After completion of growth, the samples were immediately quenched down to room temperature. Samples A and B were grown on GaAs substrates, with dimensions of 20-40 nm in diameter and 300-500 nm in length for sample A and 40-70 nm in diameter and 700-1000 nm in length for sample B. Figure 1 shows a top-view (a) and 10
• -tilted view (b) of SEM images of sample A, where the NWs are grown vertically on a GaAs substrate. The SEM images of sample B showed similar vertical growth. Sample C is grown on an Si substrate, with NWs lying on the substrate with random orientations, as shown in figure 1(c) . The lengths of NWs of sample C are about 5 μm and the diameters are over 80 nm. HRTEM and selected area electron diffraction (SAED) patterns were used to determine the crystal structure of the NWs.
We used a mid-infrared micro-PL setup to study the PL properties of the InAs NW samples. The samples were illuminated by a passively mode-locked Ti:sapphire laser (Spectra Physics Tsunami, 790 nm, 150 fs pulse duration, 80 MHz repetition rate). Samples are placed in a microscope cryostat (under vacuum) with liquid helium cooling for lowtemperature PL measurements. A temperature controller was used to enable temperature-dependent PL measurements and an optical attenuator was used to modulate the incident laser power for excitation-intensity-dependent PL measurements. The excitation laser was directed to the samples at 45
• from the substrate surface normal (off-axis incidence or dark-field illumination). The PL light emission was collected along the substrate normal direction by an all-reflective objective lens. The excitation laser beam was focused by a long focallength lens before reaching the samples. PL from the samples was detected using a liquid nitrogen cooled InSb photodiode detector. An optical chopper in the excitation laser beam and a lock-in amplifier connected to the InSb photodiode were used to suppress detector noise. The detector was coupled to a monochromator with a 300 grooves mm −1 grating to yield a 0.2 nm spectral resolution. Compressed nitrogen gas was used to purge the PL light path to reduce water and air absorption.
A few words are in order about the PL measurement from as-grown samples. First, since our samples were grown on GaAs or Si substrate, PL contribution from the substrate is in a different wavelength range. Second, there is sometimes a thin layer of to-be-grown semiconductor being deposited on the substrate before wires are grown and they would contribute to the PL signals. Indeed in our MBE samples, a thin twodimensional (2D) InAs layer is formed, but this 2D layer was amorphous, as indicated by the RHEED pattern. High lattice mismatch for both heteropairs, InAs/GaAs −7% and InAs/Si −11.6%, leads to a 2D layer with a high density of dislocations. The relatively low growth temperature (300
• C, in the case of Si substrate) is definitely too low to grow thin film with good crystalline quality. To make sure that the 2D layers do not contribute to the detected PL signal, we checked the PL for samples grown with the same procedure, but without gold deposition. In this case the 2D layer appeared after the very first stage of quantum dot formation. Those samples did not show any noticeable PL signal. Thus the PL measurement from the as-grown sample is from the NWs, with negligible contribution from the underlying thin layer.
HRTEM measurements were performed in a JEM-2010F field emission TEM operating at 200 kV. The NWs were detached from the substrate and placed on a carbon-coated 3 mm copper grid. The SEM measurements were carried out in an ESEM XL30 and on as-grown NWs on their respective substrates.
Results and discussion
The SAED pattern (upper left corner in the left image of figure 2) was obtained from sample A and can be indexed as the 0110 zone axes of the WZ structure. The higher magnification inset in the HRTEM image in the left image of figure 2 clearly shows the growth axis along the 0001 direction. All of these indicate that sample A is single crystal with WZ structure. Sample B has the same crystal structure as sample A. The HRTEM image together with the fast Fourier transform (FFT) pattern in the right image of figure 2 shows that sample C is also single crystalline, but with ZB structure, which is the crystal structure of bulk InAs. The growth direction of these NWs is 011 .
As pointed out earlier, the diameter of InAs NWs grown on GaAs substrates is smaller than the diameter of those grown on Si substrate. We attribute this difference in diameters to different growth mechanisms caused by different substrates. For the epitaxial Au-assisted growth on the lattice mismatched substrates [12, 19] , the NW formation requires a replication of certain crystal planes of the substrate to ensure the elastic stress relaxation on the sidewalls. During the very early stage of the Au-assisted epitaxial growth, the diameter of the NW must be limited to a small value in order to maintain the coherence of the NWs with the substrate, due to lattice mismatch between InAs and GaAs. The growth mechanism is responsible for the tolerance of epitaxial NW growth to very large lattice mismatch, which is impossible in thin-film growth (and even in quantum dots). This lattice mismatch tolerance provides much more flexibility in integrating different material for various device applications than the epitaxial thin-film approach. Larger lattice mismatch will result in a smaller diameter of epitaxial NWs to maintain the coherence of the lattice planes with the substrate during the early stage of epitaxial growth [19] . It should be noted that the epitaxial growth strongly depends on the growth conditions. For example, InAs NWs epitaxially grown on Si(111) substrate were also reported [9, 19] . On the other hand, in non-epitaxial growth, such as the growth under our growth conditions on Si substrates, there is no such limitation and the diameter mainly depends on the initial Au-catalyst size. The strain could be relaxed at the sidewalls of vertically freestanding NWs very quickly after very short time growth. Once the growth direction is established, NWs will continue to grow in the same growth direction for the entire growth period.
The PL measurements of samples A, B, and C were performed at temperatures as low as 4 K, with the excitation laser at a wavelength around 790 nm, and with average excitation powers up to 700 mW. The NW PL data in figure 3 is taken at 4 K with 700 mW average excitation power, with PL measurement on an InAs wafer at the same excitation level shown for comparison. The InAs wafer (purchased from MTI Corporation) is unintentionally doped n-type with a carrier concentration of 1.8 × 10 16 cm −3 and its growth direction is (100). InAs wafer has a PL peak at around 2970 nm (0.417 eV), as shown in figure 3(a) . This peak is consistent with the known temperature dependence of the InAs bandgap: [20] and corresponds to the band-edge emission of InAs. The PL spectra of the NW samples in figure 3 (a) have complex shapes and features and are much wider than the PL spectrum of bulk InAs. In addition, samples A and B show significantly blueshifted PL peaks compared to the bulk InAs PL peak. In general, several factors could lead to the blue-shifted peaks or more complex PL spectral shapes for NWs than for bulk: quantum confinement, surface or defect state effects, and different crystal structures. As the sizes of the NWs in sample A are comparable to the InAs Bohr radius (∼34 nm), quantum confinement effects could play a role. Furthermore, since the diameters of the NWs are very small, surface effects become important because most of the photo-generated carriers in a NW are close to the NW surface. In addition, different crystal structures of NWs in samples A and B from the bulk InAs could also be responsible for the difference in the NW PL features relative to the bulk PL.
To extract more information from the PL spectra, we fit each of the measured spectra by multiple Gaussians. The spectral fits are shown in figures 3(b)-(d) . The two samples grown on GaAs substrates can be fitted by three Gaussians, centered at 2785 nm (0.445 eV, peak A1), 2910 nm (0.426 eV, peak A2), and 3160 nm (0.392 eV, peak A3), respectively, for sample A and centered at 2825 nm (0.439 eV, peak B1), 2925 nm (0.424 eV, peak B2), and 3160 nm (0.392 eV, peak B3) for sample B. From the peak positions, it seems that the corresponding ones in samples A and B have similar origins. The higher-energy peaks A1 and B1 have full-width-at-half-maxima (FWHM) around 23 meV and 17 meV, respectively, which are much narrower than A2 and B2. All four peaks (A1, A2, B1, and B2) have peak wavelengths shorter than the band-edge peak from the InAs wafer. The small and broad low-energy peaks A3 and B3, which have the same peak positions, are consistent with the donor-acceptor-pair (DAP) recombination emission observed by Lacroix et al [21] and the peaks we observed are weaker and broader.
The PL spectrum of sample C can be de-convoluted into four Gaussians, centered at 2865 nm (0.433 eV, C1), 3050 nm (0.406 eV, C2), 3270 nm (0.379 eV, C3), and 3580 nm (0.346 eV, C4), respectively, as shown in figure 3(d) . The NWs in sample C have the same crystal structure as the bulk material and much larger diameters than the Bohr diameter, so we did not expect any quantization effects. We compared our InAs NW PL measurements on sample C with bulk InAs PL to identify the origins of the four peaks. The highestenergy peak C1 has higher energy than the band-edge peak of the bulk material at the cryogenic temperature of 4 K. Further analysis on this peak will be provided later. Peak C2 seems to be consistent with the reported neutral-donor-bound exciton and free-exciton emission peaks. It has been observed previously [21, 23] and attributed to a shallow defect. Theys et al [24] found that hydrogen passivation could remove this peak, and conjectured that it came from a structural defectrelated acceptor state. Peak C3 has been found in some reports [22, 25] , where it was attributed to a deep impurity, or defect-related acceptor level, around 35 meV above the top of the valence band. Peak C4, which is from far below bandgap recombination, has not been observed in the bulk or film material before to our knowledge. However, we also observed this peak when measuring the InAs NWs grown on Si substrate using the method of MOCVD [19] , as shown in figure 4 . This peak does not shift with temperature. The small diameter (10-20 nm) of these NWs indicates that the recombination is dominated by surface events. It would be interesting to study the PL after surface passivation, which is currently underway.
Temperature and excitation-intensity-dependent PL measurements for both samples A and B were performed to shed more light on the origins of the PL peaks. Sample B showed similar results to sample A, so we only discuss the results of sample A here. Figure 5(a) shows the temperature-dependent PL measurements of sample A and the corresponding multiGaussian fittings. Figure 5(b) shows how the two fitting Gaussians change with temperature. Peak A1 with higher energy shows no significant shift, suggesting that it most likely originates from some defect states rather than from band-edge emission. Peak A2 shows an obvious red-shift as the temperature increases and likely the band-edge-related emission. If this is the case, peak A1 should come from the above-band-edge emission, which may be related to some surface state emission. We also performed temperaturedependent PL measurements on InAs wafer at the same pumping level as for NW measurements. The results are shown in figure 5(c) together with corresponding multi-Gaussian fittings. Figure 5(d) shows the two fitting Gaussians at various temperatures. Peak D2 has obvious red-shift with increasing temperature. It is related to the band-edge emission of InAs. Peak D1 does not shift with temperature and has higher energy than the band-edge emission peak. This peak resembles peak A1 for the NWs. It is well known that electron accumulation can be easily formed on even very clean InAs surfaces [26] [27] [28] . Some of these surface states pin the Fermi energy level (E F ) above the conduction band minimum (CBM). Angle-resolved photoelectron spectroscopy (ARPES) measurement [27] showed the existence of charge accumulation on the InAs surface and the surface-states excitation in InAs above the CBM. In [27] , various surfaces were examined. Their results showed that the energy spectrum of intrinsic surface states of InAs is determined by surface reconstruction and the surface states stemmed from native point defects. These conclusions are consistent with the highresolution electron-energy-loss spectroscopy (HREELS) measurement results [28] . According to HREELS measurements, the valence band maximum is 0.58-0.65 eV below E F for Asstabilized surface. The above-band-edge surface states have also been identified in other materials such as GaN NWs [29] . The peaks A1, B1, and C1 we observed in NWs very likely originated from above-band-edge surface states, as D1. But since the surface states of wires exist mostly on the side walls of wires and there are several surfaces involved in general, further experiments are needed to make a definitive conclusion about the origin of A1 and B1. Figure 6 (a) shows the temperature dependence of the peak wavelengths of the Gaussians from both NWs and wafer. The black curve is the temperature-dependent bandgap of bulk InAs according to the Varshni formula [20] . Obviously, both peaks A1 and A2 are blue-shifted from the band-edge of bulk InAs. As we mentioned earlier, peak A1 is likely due to surfacerelated above-band-edge emission and shows no significant shift with temperature. Both samples A and B have WZ crystal structure while bulk InAs has ZB crystal structure. Zanolli et al [15] theoretically predicted an increase of bandgap for the WZ phase with respect to the ZB phase using the dynamically screened exchange approximation (based on a model dielectric function theory). However, the predicted blue-shift for WZ InAs is around 50 meV from ZB, which is much larger than the blue-shifts (of 9 meV) we measured here. Another possibility is size-dependent quantization effects, since the diameters of the NWs from sample A are on the order of the Bohr radius of InAs. We have performed a calculation to determine the band-edge shift due to size quantization. We modeled the NW as a cylindrical structure with infinite barriers using the effective-mass approximation. The energy gap between the quantized ground states of the conduction band and the valence band is given by E = E g +h 2 χ 2 ns
), where E g is the bulk bandgap; χ ns is the sth root of the Bessel function, J 0 (x) and the first root (2.4048) was chosen in our calculation; m e (=0.0265m 0 ) and m h (=0.41m 0 ) are the effective masses of electrons and holes [30] of InAs; D is the diameter of NWs. The calculation result based on this model is shown in figure 6 (b) at a temperature of 4 K. Peak A2 is 2910 nm and it corresponds (from the calculated curve) to a diameter of 33 nm (red dot), which is in the range of diameters measured for sample A. Peak B2 is 2925 nm and it corresponds to 39 nm (green dot). Even though this diameter is near the lower limit of the range of diameters we measured for sample B, we notice that larger diameters closer to the measured value would not change the peak wavelength significantly, since the wavelength changes very little at the large diameter values, as can be seen in figure 6(b) . Therefore, our calculation shows that peaks A2 and B2 are very likely due to quantization effects. We also marked in the same figure the wavelengths of peaks A1 and B1. Obviously these peaks are far removed from the quantization values. The large difference from the calculated bandgaps and the insensitive temperature dependence shown in figure 6(a) is further evidence that peaks A1 and B1 are from the surface-related states. Similarly, C1 also likely comes from the above-band-edge surface-states emission. For ease of reference, table 1 summarizes the peak positions, FWHM, and a brief description of the assignments of various PL peaks observed in InAs NWs in our work.
The PL peak is very often used as a measure of bandgap for direct gap semiconductors. But we see from figure 6(a) that peak A2 shows much less red-shift than the bulk bandgap as temperature is raised. In fact, the PL peak does not correspond to the bandgap in general, especially for narrow gap materials. Assuming a parabolic band, momentum conservation, and the Boltzmann distribution of carriers, one can show that the bandgap energy is red-shifted by k B T /2 from the PL peak energy, where k B is the Boltzmann constant and T the temperature. While this value is much smaller typically, it becomes a significant contribution for narrow gap semiconductors, especially when temperature dependence is concerned. To account for such a difference, we corrected PL peaks A2 and D2 by k B T /2, as shown in figure 6 (a). After this correction, we can see that the tendency is more similar to the bandgap change. Thus, a shift of k B T /2 is significant for InAs especially at high temperature. To obtain a more precise correction, a better model can be used. For example, we can change the carrier distribution from Boltzmann to FermiDirac statistics, where the chemical potential is needed. The latter is related to the temperature and carrier density, which is not directly measured in our case. Further measurements are therefore necessary to find out the exact band-edge positions of the InAs NWs. There may be also a possibility that the excitation laser may locally raise the temperature of the NWs, so the NW temperature may be higher than that of the substrate. To gain insights into other effects of surface states and the crystal quality of the NWs, we also performed excitation-intensity-dependent PL measurements on samples A and C at the temperature of 4 K. Figure 7 presents the excitation-intensity-dependent PL spectrum of sample A (a), the corresponding Gaussians for the best fit (b), and the excitation-intensity-dependent PL spectrum of sample C (c). There is no obvious peak shift with laser power for either peak A1 or A2. Figure 7 (b) shows how the intensities of peak A1 and A2 change with the excitation power. We can clearly see that peak A2 is stronger and saturates at a much higher level than peak A1. The saturation of surface state emission being slower than band-edge may indicate that most of the non-radiative recombination centers lie in the NW body and not on the NW surface and that the number of surface states is large. Surface states are very important for NWs, due to the large surface to volume ratio and due to the fact that they can act as radiation recombination centers. The saturation excitation power for sample C (366 mW) is much smaller than that of sample A (700 mW). This together with the smaller peak intensity, noisier PL spectrum, and weaker band-edge Figure 7 . The excitation-intensity-dependent PL measurements of sample A (a), the corresponding Gaussian fittings at different pumping levels (b), and PL spectra at several excitation levels for sample C (c). The insets in the three pictures show the integrated intensity versus laser power.
emission from sample C than from sample A all show that sample C grown on Si substrate has a poorer crystal quality than samples A and B grown on GaAs substrate. Chuang et al [19] reported that the critical diameter of epitaxial InAs NWs on Si substrate (lattice misfit = 11.6%) was about 26 nm in the case of Au-assisted MOCVD. In the case of Auassisted MBE, the reported value of critical diameter equals 24 nm [31] . The sizes of the NWs in sample C are far above this, consistent with the fact that the InAs NWs were not grown epitaxially on the Si substrate in our case. For samples A and B, the NWs have smaller lattice mismatch (7.1%) with GaAs substrates and much smaller size (many NWs are smaller than the critical diameter for coherent growth of approximately 45 nm [31] ). The vertical growth and the high material quality indicate that most of these NWs are grown epitaxially on GaAs substrates, consistent with the strong PL emission in our experiments (particularly in sample A). No band-edge emission was observed from InAs NWs grown using the method of MOCVD, which means they have lower crystal quality than NWs grown using MBE.
Summary
The origins of the low-temperature PL emission peaks from MBE-and MOCVD-grown samples of InAs NWs were investigated using micro-PL and correlated to structural characterization using SEM, HRTEM, and SAED. The HRTEM and SAED patterns showed that InAs NWs grown on the GaAs substrate have WZ crystalline structure while InAs NWs grown on Si substrate have a ZB structure. The PL measurements showed that MBE InAs NWs epitaxially grown on a GaAs substrate had higher crystal quality than those grown on a Si substrate and both of them have higher quality than MOCVD InAs NWs. Based on the systematic excitationintensity and temperature-dependent PL measurements and analysis, we can tentatively classify three types of PL peaks. The first is the above-band-edge peak such as A1, B1, and C1. These are most likely related to the surface states and they exist also in the bulk InAs (D1). The second peak is the band-edge-related peak such as A2, B2. Peaks A2 and B2 are blue-shifted by 60 nm and 45 nm from that of bulk InAs at 4 K, respectively, and are most likely due to quantization effects. The consistency of our calculation and experimental measurements supports such an assignment. The blue-shift is much smaller than what is expected from the wider gap calculated for WZ structure and thus is less likely to be due to the difference of WZ crystal structure. The bandgap of the bulk InAs in the WZ phase remains an unresolved issue at this point. The third group of peaks is related to below-band-edge states, which are attributed to various donor or acceptor bound states. Even though more studies on better samples are still needed, we believe that our systematic investigation sheds light on the light emission properties and the crystal quality of InAs NWs.
